Friction stir processing is an effective tool for microstructure modification by refining the microstructure in aluminum alloys. In this study, the effect of velocity index (tool rotation speed /traverse speed) on resulting grain microstructure of friction stir processed high strength Al-Zn-Mg-Cu alloy is reported. The velocity index is a key factor to decide the heat input during the process. Three samples were manufactured at different velocity index. The hardness measurement was performed to understand the hardness distribution in the processed region at different velocity index. The microstructure examination of the stir zone was performed by optical microscope. All the samples exhibited the stir zone with fine equiaxed grain microstructure. It is observed that grain size decreased with decrease in the value of the velocity index.
Introduction
Friction stir processing (FSP) was developed by Mishra et al. [1, 2] based on the basic principles of friction stir welding (FSW). Like FSW, FSP comprises a rotating tool, which is inserted in a monolithic workpiece to modify microstructure for specific property enhancement rather than joining the metals as shown in Fig. 1 . The rotating tool consists of shoulder and pin region. The pin is responsible for plastic deformation of the workpiece material, while shoulder is responsible for frictional deformation. The stirring action of the pin generates fine grain microstructure zone, which is called the stir zone (SZ). FSP is characterized by the unique features like low amount of heat generation (processing temperature is below the solidus temperature) and severe plastic deformation. Hence, FSP can be used as a generic tool for modification to produce fine grain microstructure [3] .
Fig. 1 Schematic of Friction stir processing [4]
Recently, severe plastic deformation (SPD) techniques, such as equal channel angular pressing [5] , multi axial forging [6, 7] , accumulative roll bonding [8] , asymmetric rolling [9] , high pressure torsion [10] have been demonstrated to achieve fine grain microstructure. In comparison of above techniques, FSP requires only a single pass to refine the microstructure without reducing the thickness of work material.
Researchers have reported fine grain microstructure in friction stir processed 7075 Al in the terms of FSP variables, such as tool rotation and traverse speed [11] [12] [13] [14] [15] [16] [17] . Researchers have also investigated effect of multiple pass [11] [12] [13] and additional cooling [12, 14, 18] on fine grain microstructure of FSP 7075 Al. One of the variable for FSP which consists of the combination of tool rotation and traverse speed is represented as a velocity index (Iv). Iv is the ratio of the tool rotation and traverse speed. Patel et al. [4] reported the effect of process parameters such as tool rotation speed, traverse speed and tool tilt on the superplastic behavior of 7075Al alloy. The aim of the present study to establish the effect of velocity index on grain size of FSPed 7075Al alloy based on the previous investigation [4] . The results of the present investigation in form of grain size can be used to find the superplastic behavior, since the fine grain microstructure is a key requirement to obtain the superplasticity in material.
Materials and experimental procedures
In this investigation, commercial 6.5 mm thick Al 7075-T651 (nominal composition in wt % 5.68Zn-2.51Mg-1.59Cu-0.19Cr-bal Al) rolled plates were subjected to FSP. The conventional stainless steel fixture was used to prevent the deflection and bending of the workpiece during FSP. FSP tool of tool steel (M2 grade) with shoulder 20 mm in diameter and cylindrical tapered left hand threaded pin with 6 mm in root diameter, 3 mm in tip diameter and 6 mm in length was used as shown in Fig. 2 (a) . FSP was carried out at process parameters as shown in table 1. Contact type thermocouple was used by drilling 1 mm hole at center and distance of 3 mm from the processed region as shown in Fig. 2 
After FSP, microstructure characterization of samples was carried out on transverse cross-sections to the processing direction. Specimens for optical microscopy were mechanically ground and polished with 1 µm diamond paste. Specimens were etched by Keller's reagent (HF 2 ml + HCL 3 ml + HNO3 5 ml + H2O 90 ml) to reveal the grain microstructure. Grain size measurement of the SZ was carried out as per ASTM E112 by using linear intercept method. Micro hardness for all specimens were examined by rhombus diamond indenter under the load of 10 kgf and the dwell time of 10 seconds. Vicker's hardness was measured on a transverse cross section plane to the processing width of specimen. The FSP samples were made at different velocity index are shown in table 1. 
Results and Discussions

The peak temperature observations
The tool rotation results in stirring and mixing of material around the tool pin. Tool rotation is a major contributor to heat input and material flow. Traverse speed affects the thermal cycle of FSP. Table 1 shows the peak temperature at different velocity index. The peak temperature of 435, 367, and 308 0 C achieved at the Iv value of 48, 34 and 21 respectively. Hence, the process temperature can be minimized by lowering the Iv. The Iv can be reduced either by decreasing the tool rotation or by increasing the traverse speed, sample S2 having Iv of 34. Further, Iv can also be reduced drastically by lowering the tool rotation speed and increasing the traverse speed in case of sample S3 having Iv of 21 (table 1) . Fig.3 shows the macro hardness distribution within the processing zone, advancing side to retreating side. Centre region in the graph represents the SZ hardness. Average hardness of the SZ for all specimens are shown in table 1.
Hardness distributions
For sample S1 and S2, the hardness distribution in the SZ was similar. The average SZ hardness value for both the samples found almost equal as mentioned in the table 1. The enhancement in the SZ hardness was observed for sample S3 having the lowest Iv value. The peak temperature was decreased as Iv decreased. Low value of peak temperature at lower value of Iv may have minimized the adverse effects of temperature on the microstructure and finally resulted into microhardness improvement. Average SZ hardness obtained of 30, 128, and 149 HV at Iv of 48, 34 and 21 respectively. The less heat input would have inhibited the dissolution of the precipitates, as this alloy is precipitate harden alloy. Hence low heat input alloy obtained maximum average SZ hardness. In addition, hardness is also dependent on the distribution of the precipitate as 7075Al alloy is precipitate hardening alloy. Fig. 4 shows optical micrographs, revealing fine recrystallization grain microstructure in SZ. These microstructures in the SZ are known to exhibit fine grains due to dynamic recrystallization [19] . The effect of intense plastic deformation and frictional heat on microstructure during FSP result in generation of dynamically recrystallized grains possessing low dislocation density [20] [21] [22] [23] . All three samples showed equiaxed fine grain microstructure of the SZ, Fig. 4(a, b, c) . The peak temperature recorded of 435, 367, and 308 0 C at velocity index of 48, 34 and 21 rev/mm, respectively. The grain growth is prominent at high temperature, which results in increased grain size as Iv increases. Less heat was generated at low velocity index, which would have inhibited grain growth and resulted in decreased grain size. Fig. 5 shows the influence of velocity index on grain size of the SZ. Average grain size is found of 8.71, 6.09 and 3.82 µm at Iv of 48, 34 and 21, respectively. 
Microstructure examinations
Conclusions
The following conclusions can be drawn with above study:
All the FSP samples have exhibited the equiaxed, fine grain microstructure SZ. The peak temperature increases as the velocity index increases, hence Iv governs the thermal cycle during the FSP. The average hardness of the SZ increases as Iv decreases. This is mainly due to less heat input condition during the process at low Iv. Grain size decreases as velocity index decreases due to low heat input condition, which inhibits the grain growth of the FSP samples at low Iv value, means low tool rotation and high traverse speed.
